Objectives: This study is aimed at investigating the effect of feeding a soluble or partly soluble ®bre rich-diet on the apparent absorption and balance of calcium, magnesium, iron and zinc in healthy young men, by using a chemical balance technique. Study design: Nine healthy young men were given a control diet or the same diet complemented with either inulin (soluble) or sugar beet ®bre (partly soluble) during 28 d periods according to a 3 6 3 latin square design with three repetitions. During the 20 d adaptation period to ®bre ingestion, experimental ®bres were incorporated into bread (60%) and liquid foods (40%) 
Introduction
Many degenerative diseases of Western society, such as atherosclerosis, diabetes, hypertension obesity and some cancers, are directly related to food intake (Jenkins et al, 1980; Kritchevsky & Tepper, 1995) . There is now overwhelming evidence that dietary ®bres are a necessary component of human and animal diets and plays a signi®cant role in human health (Briel et al, 1995) . According to the statistical data of the French National Institute of Economic studies, the average daily consumption of dietary ®bres by French adults is about 16 g. Bagheri & Debry (1990) suggest that the recommended daily intake should be in the range of 30±40 g for French adults. However, dietary ®bres and some associated substances, such as phytate, have strong in vitro mineral binding or complexing capacities (Persson et al, 1991) . For this reason, dietary ®bres have been suspected to impair mineral absorption. Within the last 20 y, several animal and human studies have shown that foods or diets rich in dietary ®bres may alter mineral metabolism, especially when phytate is present (Sandstead et al, 1995) . However, many studies have indicated that dietary ®bres per se do not appear to affect trace element absorption (Sunvold et al, 1995) . Recently, attention has been increasingly focused on ®bre isolates, and more especially on fermentable poly-or oligosaccharides. Inulin, a fructo-oligosaccharide belonging to the fructan family, is currently used in various agro-food industries, and in dairy and cheese industries (Dysseler & Hoffman, 1995) . In our laboratory, we showed that inulin enhanced Ca and Mg absorption in animal studies (Demigne Â et al, 1989; Levrat et al, 1991) . This observation was recently con®rmed by other workers also in animal studies (Delzenne et al, 1995; Ohta et al, 1995) . Unfortunately, limited information is available for humans, and only indirect evidence that this effect could occur in humans has been reported (Trinidad et al, 1993 (Trinidad et al, , 1996 . As part of a larger project concerning the effects of dietary ®bres in human nutrition, we have studied the consequences for human physiology and nutrition of an increased intake of soluble ®bre (inulin) in comparison to partly soluble (sugar beet) ®bre. The criteria studied included stool characteristics, nutrient digestibility, energy metabolism (Castiglia-Delavaud et al, 1997) and mineral balance. The results of the apparent absorption and the balance of calcium, magnesium, iron and zinc are reported in this paper. To our knowledge, this is the ®rst time that the effect of inulin on mineral absorption has been investigated in humans.
Subjects and methods

Experimental ®bres
Two types of dietary ®bre were studied. Inulin, a polymer of fructose (15 units) with one unit of glucose, belonging to the fructan family, was extracted from Chicory roots. It is soluble, fermentable (Nilsson & Bjorck, 1998) and capable of retaining large quantities of water. The second was extracted from sugar beet and was composed of hemicellulose (27%), cellulose (23%), pectin (18%) and lignin (3%). Only the pectin component of the of the last ®bre is soluble and the fermenticibility of this ®bre is less and slower than that of inulin. Analysis of studied ®bres showed that inulin contained negligible amounts of phytic acid (`0.3 mg/g), whereas the level of phytic acid in beet ®bre was as high as 15.9 AE 0.3 mg/g (n 6). Both ®bres were prepared by Agro Industries, Recherche et Developpment, (Compiegne, France) . The work of Flourie Â et al (1985) showed that a supplementary intake of 40 g of ®bre per day was the maximum tolerable quantity to the Western human organism. In the control diet, ®bre intake was 18 g/d, whereas in the two experimental diets, the total ®bre intake amounted to 58 g/d. Soluble or partly soluble ®bres were added by incorporation into bread (24 g/d) and liquid foods (16 g/d). The experimental design was described previously in detail in Castiglia-Delavaud et al (1997) . The main aspects dealing with mineral and trace element balance are presented below.
Subjects and experimental design
Nine male students (21.5 AE 2.5 y; 174.9 AE 8.6 cm; 69.3 AE 5.0 kg) volunteered for this study. All subjects were considered to be in good health, completed a medical questionnaire, and underwent a medical examination by a physician. Exclusion criteria were digestive, hepatic, renal or cardiovascular diseases. The volunteers were fully informed of the aims and purposes of the study, and signed an informed consent. The protocol was approved by the local ethical committee (CCPPRB No. AV 38) of the Human Nutrition Research Centre at Clermont-Ferrand (France).
The volunteers were offered the three following diets according to a 3 6 3 Latin square design with three repetitions: a control diet (18 g dietary ®bre per day); an inulin diet (18 g dietary ®bres 40 g inulin/d); and a sugar beet ®bre diet (18 dietary ®bre 40 g sugar beet ®bre/d). The study had a cross-over design, each subject acting as his own control for the two tested ®bre-rich diets. The control diet was composed of four daily diets given alternatively to participating subjects. Meals were selected so that the mineral intakes provided by the control diet were comparable to intakes from self-selected diets consumed by different groups in industrialised countries. The meal composition and the conditions of ®bre supplementation were previously described by Castiglia-Delavaud et al (1997) . Brie¯y, each of the four daily diets were balanced and composed of some legumes, meat or ®sh, starchy foods or vegetable, cheese, fruit or compote plus biscuits. Each experimental period lasted for 28 d, and was composed of 2 d of control diet, 14 d of progressive increase in ®bre intake, and 12 d of constant ®bre consumption. Faeces and urine were collected between d20 and d28 and blood was sampled at d25 for the metabolic mineral balance study.
Analytical methods
Food intake was monitored by collection of duplicate meals. Composite samples of food were prepared using metal-free materials. Tubes and receptacles used for the mineral measurements were immersed in a 2% solution of EDTA for 24 h and then washed thoroughly with demineralized water. Acids of Suprapur 1 quality were used (Merck). Ca, Mg, Fe and Zn were determined in dietary ®bres, tap water, diets, freeze-dried faeces and urine by atomic absorption spectrometry (Perkin Elmer 560 and 3030). About 0.5 g of ®bres, diets or faeces were dryashed at 500 C for 10 h and the dry residue was taken up in HC1 (6 M) and diluted to 50 ml and analysed for Ca and Mg. For Zn and Fe analysis, approximately 0.5 g of bread or diet, or 0.25 g of ®bres or faeces were wet-ashed with a mixture of suprapur 1 acids (HNO3/HCl04) prior to analysis. Urine was analysed directly with or without dilution, in 0.1% lanthanum chloride solution. Plasma was diluted in 0.1% lanthanum chloride (1/50, v/v). Analytical quality was checked using total diet control standards (NIST 1548) for dietary, home built-human faeces for faecal, and Seronorm (Nycomed) for urinary and serum mineral measurements.
Phytic acid content in experimental ®bres was determined by colorometric method at 500 nm, after an acid extraction of HCl 0.67 M as previously described (Latta & Eskin, 1980) . Phytic acid from Sigma was used as external standard.
Statistical analysis
For each experimental treatment, the data are presented as means AE s.d. (n 9). Data were analysed statistically according to a 3 6 3 Latin-square design with three repetitions. Comparisons between experimental treatments were done by analysis of variance using the General Linear Models Procedure (SAS, 1988) including diet, subject, period and repetition. The`LS means' statement was used to calculate the adjusted means, and the`contrast' statement to compare the three treatments. The results were considered signi®cantly different when P`0.05. Table 1 shows the content of Ca, Mg, Fe and Zn in both inulin and sugar beet ®bres. As expected, sugar beet ®bre was especially rich in Ca and Mg compared to inulin. Consequently, sugar beet ®bre contributed 30%, 18%, 12% and 2.6% to daily intakes of Ca, Mg, Fe and Zn, respectively. In contrast, inulin contributed for only about 1% to daily intake of Fe and less than 0.25% to daily intake of any other tested minerals.
Results
Daily mineral intake
Subjects received four daily diets in rotation. Actual daily intake of minerals was determined from the analysis of these meals and the recording of non-consumed portions which were close to nil (Vernet & Vermoral, 1993) . Tap water was also analysed for mineral content. The Table 1 shows the mineral intakes determined over an eight days period of consumption of control diet and tap water. With the control and inulin diets, the total daily mineral intake was 20% lower than the recommended allowances for Ca, Mg and Zn (RDAs, 1989). Addition of sugar beet ®bre signi®cantly increased Ca and Mg intakes (P`0.001) to the recommended allowances.
Mineral apparent absorption
As indicated in the Table 2 , the mineral amounts apparently absorbed from the control diet (intake-faeces) were as follows 179 AE 115; 144 AE 38; 2.6 AE 1.6 and 1.6 AE 1.6 mg per day for Ca, Mg, Fe and Zn respectively. Consequently, the apparent mineral absorption averaged ((intake-faeces)/ intake) 6 100 averaged (%) 21.3 AE 12.5; 46.3 AE 10.9; 21.8 AE 12.3; and 14.0 AE 14.5 for Ca, Mg, Fe and Zn respectively with the control diet. With regard to the effects of inulin compared to the control diet, this soluble ®bre signi®cantly increased the absorption of Ca (P`0.01). The apparent quantity of Ca absorbed from the inulin diet was thus increased signi®cantly (P`0.05). However, the apparent absorption of the other minerals was not signi®cantly affected by inulin ingestion. In other respects, the absorption of all minerals studied was not signi®cantly altered by sugar beet ®bre ingestion. However, because sugar beet ®bre is rich in Ca and Mg, the quantity of Ca apparently absorbed from the sugar beet ®bre diet was signi®cantly higher (P`0.05) than that from control diet ( Table 2 ). The same trend was observed for Mg without reaching a statistically signi®cant level.
Apparent mineral balance
As shown in Table 2 , the mean Ca balance was slightly negative (10 mg/d) in subjects consuming the control diet. However, there was a large inter-individual variability (from 7274 to 141 mg/d), because urinary Ca excretion was highly variable between subjects (98±289 mg/d). In contrast, the Mg balance was largely positive (31.5 mgd) and the inter-individual variability (from 710 to 82 mg/d) was lower than for Ca. Iron balance was positive in all participating subjects (2.52 mg/d) and ranged from 0.55± 5.91 mg/d. Urinary iron excretion was very low, with low inter-individual variability (45±73 mg/d). Zinc balance was also positive in most participating subjects and ranged from 71.97 to 2.78 mg/d. Urinary zinc excretion was from 649 to 1385 mg/d with no large inter-individual variability.
Ingestion of the soluble ®bre (inulin) did not signi®-cantly alter urinary Ca excretion (Table 2) . However, inulin ingestion resulted in a signi®cant positive Ca balance ( 91.8 mg/d) (compared to control diet, P`0.05). This positive balance re¯ected the enhancement of Ca absorption due to inulin intake. However, inulin ingestion did not signi®cantly alter urinary excretion of Mg, Fe and Zn, and .94 AE 0.580 mmol/l prior to the control, inulin and sugar beet ®bre periods, respectively. These results indicated that ingestion of either dietary ®bres was without effect on the Ca and Mg status in our individuals. Plasma Fe and Zn determinations were not performed because both ingested ®bres showed no effect on absorption or balance of these minerals.
Discussion
The objective of this investigation was to measure, by the chemical balance technique, the effect of feeding soluble and rapid fermentable ®bre (inulin), or partly soluble and slow fermentable ®bre (sugar beet ®bre) -enriched diets on apparent absorption and balance of Ca, Mg, Fe and Zn in healthy young men. Inulin is a polysaccharide degradable in the ®rst half of large intestine (fermentability 100%) whereas the sugar beet ®bre is degraded throughout the large intestine (less and slow fermentability 70%).
The intestinal absorption of Ca occurs via two processes: active Ca transport mainly in the duodenum and jejunum and passive transport mainly in the ileum. The active transport of Ca is mediated by calcitriol, the active component of vitamin D, but most of the Ca absorbed from food is passively transported into the intestinal mucosal cells. Availability for absorption requires Ca to be solubilised either in a free ionic or complexed form. Carbohydrates which are able to reach the ileum may stimulate Ca intestinal absorption in its part of digestive tract. In fact, the results of the present investigation indicate clearly that ingestion of an inulin-containing diet increased signi®-cantly the apparent absorption and balance of Ca in humans. This is the ®rst time, to our knowledge, that such an effect has been observed in humans. These results con®rm previously reported data from animal investigations in our own laboratory, (Demigne Â et al, 1989; Levrat et al, 1991; Younes et al, 1996) , and by other workers (Delzenne et al, 1995; Ohta et al, 1995) . Several hypothesis about the mechanisms of the effect of inulin on Ca absorption could be proposed. Carbohydrates that escape digestion in the small intestine are substrates for the formation of short-chain fatty acids (SCFA) in the large intestine by the intestinal micro¯ora. This fermentation results in a lowering of the luminal pH which raises the concentration of ionised Ca and accelerates the passive diffusion of Ca (Re Âme Âsy et al, 1992) . The accumulation of calcium phosphate in the large intestine and solubilisation of this Ca by organic acids (SCFA) probably plays an essential role in the enhancement of Ca absorption (Re Âme Âsy et al, 1993; Kashimura et al, 1996) . It is also possible that SCFA directly in¯uence Ca absorption by modifying various electrolyte exchanges (Ca-H). It has been proposed (Trinidad et al, 1993) that Ca could pass through the cell membrane more readily in the form of a complex with lower charge. However, a high rate of Ca absorption in the large intestine could trigger a feedback mechanism involving inhibition of duodenal absorption since there is a control of the digestive balance of Ca by endocrine factors (Allen, 1982) .
The intestinal absorption of Mg has been studied less extensively than that of Ca. There are several mechanisms by which Mg can cross the intestinal epithelium: passive diffusion, solvent drug and active transport. However, several investigations in adults have documented that net absorption of Mg is linearly related to dietary Mg over a normal range of dietary Mg intake. This indicates that absorption of Mg in adults primarily occurs by a passive process. Mg is absorbed primarily in the distal segments of the gastrointestinal tract in humans, and carbohydrates that can stimulate bacterial fermentation in the intestine are known to increase Mg absorption. As animal studies showed similar effects of inulin ingestion on Ca and Mg absorption, the same effect of inulin on Mg absorption as that on Ca could be expected in human. The results from the present investigation showed, however, that inulin ingestion did not signi®cantly affect the absorption and balance of Mg in humans under our experimental conditions. Inulin ingestion resulted only in a small increase in Mg absorption, accompanied with a slight increase in Mg urinary excretion without reaching a signi®cant level. Mg balance was also slightly more positive than in the case of the control diet. Several explanations could be advanced for the difference observed in the effect of inulin on Mg absorption between rat and human. It is recognised that the digestive tract physiology of rat is different from that of human. The caecum segment, absent from human, plays indeed an important role in Ca and Mg absorption (Rayssiguier & Re Âme Âsy 1977) . Although each experimental period in the present study lasted for 26 d, it is also possible that the effect of inulin on Mg absorption could be slower than that on Ca, and a longer adaptation period could be needed.
Fe and Zn are essential trace elements and are absorbed mainly in the small intestine by active and passive ways. Active transport takes place in the proximal part of intestine and is predominant when the element content is low. Passive diffusion can also take place when the element level is high in the digestive tract. The results of the present investigation did not show any signi®cant effect of inulin ingestion on the apparent absorption and balance of these elements. Few studies in the literature have documented the effect of fermentable soluble ®bre on the absorption and balance of Zn and Fe. Recently, Delazenne et al (1995) reported a signi®cant increase in Fe and Zn absorption in rats fed with inulin (Raftiline) or its product of hydrolysis (known as Ra¯itose). Other dietary fermentable compounds, such as polymers of glucose and lactose, are reported to stimulate the intestinal absorption of Zn, but the mechanisms have not been clearly elucidated (Greger et al, 1989) .
As far as the effect of sugar beet ®bre is concerned, the ®rst salient observation is its high content of minerals, in particular Ca and Mg. The Ca, provided by this ®bre, increased the daily Ca intake by more than 30%, and that of Mg by about 20%. This con®rms previous data concerning the high participation of some crude ®bres in mineral intake (Van Dockkum et al, 1982; Behall et al, 1987; Fairweather-Tait et al, 1990) . Furthermore, sugar
Dietary ®bres and mineral balance in humans C Coudray et al beet ®bre addition provided until 450 mg of phytic acid per day, 250 mg from beet ®bre added to soup and 200 mg from beet ®bre added to breads, given that phytic acid is degraded at the level of 50% during baking (Tangkongchitr et al, 1981) . The daily phytic acid intake averages up to 750 mg/d, but varies largely between countries from 200 mg/d in Sweden to 1000 mg/d in Italy (Reddy et al, 1989) . In the present study, the sugar beet ®bre diet exerted no signi®cant effect on Ca absorption when compared to the control diet, but signi®cantly increased the Ca balance. This positive balance was the result of the appropriate intake of Ca provided by the sugar beet ®bre. One could not exclude that the non effect of sugar beet ®bre on Ca absorption reported in our study could indeed be the result of two opposite phenomena. The ®rst one is a decrease in Ca absorption due to the high intake of Ca in the sugar beet ®bre diet. It is recognised that Ca absorption decreases when Ca dietary intake is increased (RDAs, 1989) . The second is that the sugar beet ®bre could increase Ca absorption in our subjects. The measured apparent absorption of Ca could be the result of these two opposite tendencies and thus not be signi®cantly modi®ed. No similar studies have been reported in relation to the effect of sugar beet ®bre on Ca absorption either in animals or humans. However, there are numerous studies investigating the effects of cereal, vegetable and fruit ®bres on the absorption of Ca in animals and humans. Most of them have reported no effect on Ca absorption or balance (Wisker et al, 1991; Davidsson et al, 1996) . However, some studies described a decrease in Ca absorption with ingestion of dietary ®bres under certain conditions (Knox et al, 1991; O'brien et al, 1993) . It seems that differences in the chemical composition, and probably in the physical properties, of ®bre sources and in other dietary constituents such as phytate and oxalic acid, may be responsible for these contradictory results. Our data show that Mg absorption was not affected by sugar beet ®bre ingestion when compared with control diet. Although sugar beet ®bre ingestion signi®cantly increased Mg intake, the absolute quantity of absorbed Mg (mg/d) was not signi®cantly affected by sugar beet ®bre intake in comparison to the control diet. Consequently, Mg balance was not altered by the sugar beet ®bre diet compared to the control diet. We are not aware of any similar studies concerning the effect of sugar beet ®bre on Mg absorption either in animals or humans. As for Ca, some studies have dealt with the effect of vegetable and fruit ®bres on Mg absorption in animal and human. These studies reported that there were no differences in Mg balance with these ®bres (Andersson et al, 1983) . Moreover, Bagheri & Gue Âgen (1985) , demonstrated clearly that Mg from wheat bran was well utilized and bran addition improved considerably the balance of Mg. It is worth noting that fruits and vegetables remain an important source of both dietary ®bres and minerals.
With regard to Fe and Zn absorption and balance, the present study did not show any signi®cant effect of partly soluble dietary ®bres on any of these minerals when compared with the control diet. In agreement with our results, Sandstrom et al (1987) reported that sugar beet pulp-®bre did not affect the extent of Zn absorption when used as a meat extender in humans. However, it was observed that Zn absorption was higher when sugar beet ®bre was included in bread than when it was used as muesli. Cossack et al (1992) studied the effects of a sugar beet ®bre supplement on Fe and Zn status in humans over ®ve weeks. It was concluded that consumption of sugar beet ®bre did not constitute any risk with respect to trace element nutriture. Interestingly, in an animal study, Fairweather-Tait et al (1990) reported that Fe and Zn absorption was signi®cantly enhanced by sugar beet ®bre intake, when Fe and Zn levels in the control diet were adjusted to those of the test diet. The effect of pectin on Zn retention had been tested in humans and found to be negligible (Lei et al, 1980) . Finally in a similar study to ours, Behall et al (1987) found that re®ned ®bres had no effect on mineral balance in subjects consuming recommended dietary allowance levels of Fe and Zn when fed as part of their control diet.
Conclusions
Our investigations indicate that ingestion of inulin, a soluble fermentable ®bre, signi®cantly increases the apparent absorption of Ca and its balance in humans, probably by solubilizing this element in the colon. Moreover, sugar beet ®bre, a partly soluble ®bre, did not have any negative effect on any of the minerals studied in the present work. These results clearly demonstrate that sugar beet ®bre ingestion in humans can improve the utilization of Ca and Mg and their balances. These two ®bres can thus be added to normal mixed diets without adverse effects on mineral retention. It is clear that an intake of both soluble and partly soluble ®bre, having different degrees of fermentability, ensure the fermentation in the whole large intestine. Dietary ®bres or similar compounds could exert positives effects on mineral nutrition via the fermentation and the solubilisation of several minerals, or because they are very rich in minerals. In the case of inulin, which is not rich in minerals, its utilisation in the products containing high level of Ca, such as dairy products, could improve the digestibility of Ca by solubilising this element in the colon. This will enable appropriate nutritional recommendations to be made which will enhance mineral absorption. Additional studies are needed to evaluate the effect of combining inulin and sugar beet ®bre and to study the effect of other naturally fructo-oligosaccharides in various foods on mineral balance.
